Results: H3K36-specific histone methyltransferases display poor enzymatic activities on nucleosome substrates containing H2A ubiquitination, an important Polycomb modification.
Histone H3 lysine 27 (H3K27) methylation and H2A monoubiquitination (ubH2A) are two closely related histone modifications that regulate Polycomb silencing. Previous studies reported that H3K27 trimethylation (H3K27me3) rarely coexists with H3K36 di-or tri-methylation (H3K36me2/3) on the same histone H3 tails, which is partially controlled by the direct inhibition of the enzymatic activity of H3K27-specific methyltransferase PRC2. By contrast, H3K27 methylation does not affect the catalytic activity of H3K36-specific methyltransferases, suggesting other Polycomb mechanism(s) may negatively regulate the H3K36-specific methyltransferase(s). In this study, we established a simple protocol to purify milligram quantities of ubH2A from mammalian cells, which were used to reconstitute nucleosome substrates with fully ubiquitinated H2A. A number of histone methyltransferases (HMTases) were then tested on these nucleosome substrates. Notably, all of the H3K36-specific methyltransferases, including ASH1L, HYPB, NSD1 and NSD2 were inhibited by ubH2A, whereas the other histone methyltransferases, including PRC2, G9a and Pr-Set7 were not affected by ubH2A. Together with previous reports, these findings collectively explain the mutual repulsion of H3K36me2/3 and Polycomb modifications.
The eukaryotic genome is organized into chromatin, the natural substrate of nearly all biological processes that rely on DNA templates, including transcription, replication and DNA repair (1) (2) (3) (4) (5) . Histone proteins are important components of chromatin and can be extensively modified (1) (2) (3) (4) . Histone modifications regulate these biological processes by altering the chromatin structure and/or recruiting effector proteins, such as histone readers, that recognize these modifications (1, 6) .
H3K36 methylation generally accompanies active transcription, and recent progress has shed light on the roles of H3K36 methylation in alternative splicing, dosage compensation, DNA replication and repair (7, 8) . In budding yeast, Set2 is the sole H3K36-specific methyltransferase (9) . In higher eukaryotes, several enzymes have been reported to be H3K36-specific methyltransferases (7), including HYPB, which is the primary H3K36-specific trimethylase (10) (11) (12) , and NSD1, NSD2, NSD3, and ASH1L, which are best characterized as H3K36-specific dimethylases (13) (14) (15) (16) (17) (18) (19) .
Ubiquitinated H2A accounts for approximately 10% of the total H2A protein in human cells (20) . The majority of H2A monoubiquitination occurs at a single histone H2A residue, lysine 119 (21). Ring1b in the PRC1 complex (Polycomb repressive complex 1) is the major E3 ligase that mediates H2A monoubiquitination (22,23). Notably, Ring1b containing protein complexes interact with the KDM2 family histone H3K36 demethylases (24-27). In addition to Ring1b, 2A-HUB (28) and BRCA1 (29) have also been reported to possess E3 ligase activity that mediates the formation of ubH2A. So far, ubH2A is best known for its function in Polycomb silencing (22,30). More recently, ubH2A has also been suggested to play a role in repressing satellite DNA repeats (31).
In addition to PRC1, PRC2 (Polycomb repressive complex 1), the primary H3K27 methyltransferase, is another key regulator of Polycomb function (32-35). Genome-wide localization studies revealed that PRC2-mediated H3K27 methylation and PRC1-mediated H2A monoubiquitination often act cooperatively on their common target genes (36,37).
We, and others, have previously reported that H3K36 methylation rarely coexists with H3K27me3 on the same H3 polypeptides (19, 38) , suggesting that these two modifications may antagonize each other. Indeed, the catalytic activity of PRC2 is inhibited in cis by di-or tri-methylation at lysine 36 of the same H3 histones (19,39,40). However, H3K27me3 does not inhibit the enzymatic activities of H3K36-specific methyltransferases, such as HYPB and ASH1L (19). Therefore, the question remains as to whether the other known Polycomb modification, ubH2A, can antagonize H3K36 methylation. To test this possibility biochemically, milligram quantities of homogenously ubiquitinated H2A are required to assemble nucleosome substrates with fully ubiquitinated H2A.
Here we established a simple three-step protocol to purify milligram quantities of ubH2A to homogeneity from mammalian cells. We tested the enzymatic activity of several histone methyltransferases on nucleosomes assembled with ubiquitinated histone H2A. Notably, ubH2A specifically inhibits the enzymatic activities of the H3K36-specific methyltransferases including ASH1L, NSD1, NSD2 and HYPB. Together with previous reports that H3K36 methylation antagonizes Polycomb function (19, 39, 40) , and the observation that E3 ligase complexes for H2A monoubiquitination associate with the KDM2 family of H3K36 demethylases (24-27), this study helps to establish a reciprocal inhibition mechanism between H3K36 methylation and Polycomb modifications.
Experimental Procedures

Histone methyltransferases
Full-length recombinant histone methyltransferases or their SET domain containing fragments were expressed and purified from E. coli, including human ASH1L (NP_060959, amino acid 2040-2716), HYPB/KMT3a (NP_054878, amino acid 1398-1704), NSD1/KMT3b (NP_071900, amino acid 1852-2082), NSD2 (NP_579877, amino acid 941-1240), Pr-Set7/Set8/KMT5a (ADP08984, full length), and mouse G9a/KMT1c (NP_671493, amino acid 563-1172). Full-length recombinant mouse PRC2 full-length complex was expressed and purified from insect cells using the Baculovirus system.
Purification of milligram quantities of ubH2A
Total histone samples were isolated from HeLa S3 cells using the acid extraction method as previously reported (41). The histone samples were dissolved in denaturing buffer containing 6 M urea and 1 mM Tris-HCl [pH 3.0]. The acid extracted histones were then subjected to gel filtration over a Superdex 75 (GE) size exclusion column in denaturing buffer containing 6 M urea and 1 mM Tris-HCl [pH 3.0] to separate ubH2A proteins from the majority of core histones, particularly the non-ubiquitinated form of H2A histones. The fractions containing ubH2A but trace amounts of non-ubiquitinated H2A histones were pooled and dialyzed against Buffer A (5% acetonitrile and 0.1% trifluoroacetic acid). The dialyzed samples were then loaded onto a Source RPC15 hydrophobicity column (Sigma), and the impurities were separated from the ubH2A with a linear gradient of Buffer A to Buffer B (90% acetonitrile and 0.1% trifluoroacetic acid) in five column volumes. Fractions containing the pure ubH2A were pooled for further analysis.
Mass Spectrometry (MS) analysis
The purified ubH2A proteins were analyzed by LC (liquid chromatography)-MS/MS (tandem mass spectrometry) using a QSTAR XL mass spectrometer (AB SCIEX). The LC-MS/MS experiments were performed as we described previously (42,43).
Reconstitution of histone octamers and nucleosomes
Recombinant histone octamers were reconstituted by mixing equal molar of core histones or ubH2A and then dialyzing against 2 M NaCl, followed by gel filtration purification over a 24 ml Superdex 200 size exclusion column. Then we assembled oligonucleosomes with equal molar of histone octamers and pG5E4 plasmid DNA, by stepwise dialysis against 1.2 M, 1.0 M, 0.8 M, 0.6 M NaCl and finally TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA) (44).
Analytical ultracentrifugation
Sedimentation experiments were performed on a Beckman Coulter ProteomeLab XL-I using an An-60Ti rotor. Samples with an initial absorbance at 260 nm of 0.8 were equilibrated for 2 h at 20 ℃ under vacuum in a centrifuge prior to sedimentation. The absorbance at 260 nm was measured in a continuous scan mode during sedimentation at 32,000 g in 12 mm double-sector cells. The data were analyzed using the enhanced van Holde-Weischet analysis and the Ultrascan II 9.9 revision 1504. The S 20,w values (sedimentation coefficiency corrected for water at 20 ℃) were calculated with a partial specific volume of 0.622 ml/g for oligonucleosome samples with the buffer density and viscosity adjusted.
Mononucleosome preparation
Cells were fixed with 1% formaldehyde for 10min at room temperature and then quenched with 125 mM glycine for 5 min. These cells were then washed with cold PBS and subjected to micrococal nuclease (MNase, TAKARA) digestion, according to the protocol described previously (19).
Immunoprecipitation
The mononucleosomes prepared in the above step were used as the input materials for the subsequent immunoprecipitation experiments. The mononucleosomes were incubated with antibodies against ubH2A (CST 8240s) or H3K36me3 
Histone lysine methyltransferase assays
The histone methyltransferase assays were performed in a 30-μl reaction mixture containing 1 μl S-[methl- 3 H] adenosyl-methionine (PerkinElmer, NET-155H, 0.55 μCi/μL, 78 Ci/mmol), recombinant oligonucleosomes (rON) and the corresponding enzymes in histone methyltransferase assay buffer as previously described (19,45). The reaction products were separated by 13% SDS/PAGE, then transferred to PVDF membranes and subjected to autoradiography. For quantification, the above membranes were stained with Coomassie Blue G250 followed by liquid scintillation counting for each stained histone band excised individually.
Histone Deubiquitination
Histone deubiquitination was performed in a 20 μl reaction mixture containing 50 mM Tris-HCl [pH 7.5], 50 mM NaCl, 5 mM DTT, 2 μg of ubH2A recombinant oligonucleosome (rON), and 1 μg of USP21 enzyme. The reaction mixture were incubated at 30℃ for 2 h. And the subsequent histone methyltransferase assay was performed directly in this reaction mixture.
ChIP-Seq data analysis
ChIP-Seq data for uH2A (46) and H3K36me3 (47) obtained from mouse embryonic fibroblast (MEF) cells were retrieved from NCBI SRA database under accession number SRP000811 and SRP000415, respectively. Raw reads were mapped to Mouse genome mm9. Uniquely mapped reads were kept and extended to average fragment size. Based on these extended reads, genome coverage was calculated and normalized to equal sequencing depth. Each gene was normalized to 0-100% according to its length. The fold enrichment of all genes were averaged for each 1% window and plotted from 20% upstream of the TSSs (Transcription Start Sites) to 20% downstream of the TESs (Transcription End Sites).
Results
Purification of ubH2A histone proteins
To test the biochemical roles of ubiquitinated histones, bulk amounts of fully ubiquitinated histone substrates are often required. Fully ubiquitinated H2A and H2B have been derived with chemical reactions (48-50). However, these materials remain difficult to obtain for the majority of biologists. Because ubH2A histone proteins account for approximately 10% of the total H2A proteins in mammalian cells (20) , to obtain pure milligram quantities of ubH2A proteins that would allow most biochemical studies to be performed, we developed a simple three-step purification strategy (Fig. 1A) by combining acidic extraction, previously reported denaturing gel filtration (51) (Fig. 1B ) with reverse-phase chromatography (Fig.  1C) . The majority of non-histone proteins were first removed by acidic extraction. Then, the H2B, H2A, H4 and the majority of H3 histones were removed by denaturing gel filtration over a Superdex 75 column. Finally, the H1 histones and residual amounts of H3 histones were removed by reverse-phase chromatography over a source RPC15 column (Figs. 1D, 1E ). With this protocol, we were able to obtain approximately 3 mg ubH2A with >95% purity (Figs. 1D) from 1×10
11 HeLa S3 cells (approximately 100 liter suspension culture). The remaining non-histone impurities were further removed during subsequent nucleosome assembly procedures.
To confirm the identity of the purified ubH2A, the protein band ( Fig. 1D ) was excised from the SDS/PAGE gel and subjected to mass spectrometry analysis. We successfully detected the signature peptide containing a single ubiquitin moiety at lysine 119 of H2A (Fig. 1F) . Importantly, no other core histones and modifications were detected.
We assembled recombinant histone octamers using the above purified ubH2A and recombinant human core histones purified from E. coli. Then we further assembled oligonucleosomes with plasmid DNA and octamers containing fully ubiquitinated H2A or regular H2A (Fig. 1G ). Because certain histone methyltransferase, like PRC2, alts its enzymatic activity on oligonucleosomes with different density (44), oligonucleosomes containing ubH2A or regular H2A were assembled with comparable octamer/DNA ratio. Indeed, these oligonucleosomes displayed similar mobility on agarose gels (Fig. 1H) . Moreover, analytical ultracentrifugation analysis for these two substrates indicated that more than 90% of these two oligonucleosomes share similar sedimentation coefficiency (Fig. 1I ), which further confirms that the two substrates share similar density.
ubH2A inhibits the activity of H3K36 methyltransferases in vitro After generating nucleosome substrates containing fully ubiquitinated H2A, we determined whether ubH2A regulates the enzymatic activity of a panel of histone methyltransferases, including PRC2, which mediates the H3K27me3 (32-35) Polycomb modification and ASH1L, which mediates H3K36me2 (17-19) and antagonizes Polycomb function (52-54).
ASH1L displayed greatly lower enzymatic activity on the nucleosomes assembled with ubH2A than on equal amounts of nucleosomes assembled with H2A ( Fig. 2A) . Interestingly, similar inhibitory effects by ubH2A were also observed for other H3K36-specific HMTases, including HYPB ( Fig.  2B ), NSD1, and NSD2 (Fig. 2C) . Notably, the inhibitory role of ubH2A was most prominent on ASH1L ( Fig. 2A) , which may be consistent with the role of ASH1L in Polycomb regulation. By contrast, the inhibitory role of ubH2A on NSD1 was the mildest (Fig. 2C ). This may reflect a differential regulation but may also be alternatively explained by the weakest activity of NSD1 under our test conditions, which may reduce the assay sensitivity. Importantly, the above observed negative impact of ubH2A appeared to be specific to H3K36 methyltransferases, because ubH2A had little effect on the other tested HMTases, including PRC2, G9a and Pr-Set7 (Fig. 2D ).
All above HMT activity assays were performed under three conditions containing increasing amounts of respective HMTases and the results were consistent with each other (Fig. 2) .
We then attempted to measure the K m and V max values of these HMTases on nucleosomes containing either regular H2A or ubH2A by titrating the amounts of substrates. Unfortunately, the histone methyltransferase activity assay could not reach saturation with practical amounts of the substrates for several of the HMTases; therefore, accurate measurement of the K m and V max values could not be obtained. Nevertheless, we compared the histone methyltransferase activities at different substrate concentrations and observed that the H3K36-specific HMTases consistently displayed lower activities on ubH2A containing nucleosomes than regular nucleosomes at each comparable concentration (Figs. 3A-C). This inhibitory effect by ubH2A was not observed on the other tested HMTases, including PRC2, G9a and Pr-Set7 (Fig.  3D ).
To further confirm the observed inhibitory effect on the activity of H3K36-specific HMTases was due to the ubiquitin modification, but not any other potential associated moieties, we directly compared the activity of these HMTases on ubH2A containing mononucleosomes with or without pretreatment with an ubH2A-specific deubiquitinase, USP21 ( Fig.  4A ) (55) . Recombinant human USP21 expressed and purified from E. coli efficiently deubiquitinated ubH2A containing oligonucleosomes (Fig. 4) . Pretreatment with USP21 greatly increased the enzymatic activity of H3K36-specific HMTases (Figs. 4B-D), but had little effect on the other tested HMTases, including PRC2, G9a and Pr-Set7 (Fig. 4E-F) .
The above results collectively demonstrated a specific inhibitory role of ubH2A on H3K36-specific HMTases.
ubH2A and H3K36 methylation rarely co-exist in vivo The observations that ubH2A inhibits H3K36-specific HMTases (Figs. 2-4) , that ubH2A often coexist with H3K27 methylation (36,37), and that H3K27 methylation rarely coexists with H3K36 methylation on the same H3 polypeptides (19,38), collectively suggest that ubH2A and H3K36 methylation should have a distinct genomic distribution and that they may not frequently co-exist in mononucleosomes.
It has been well-established that H3K36me2 and H3K36me3 are enriched at the coding regions of active genes (56) . By contrast, ubH2A appears to be enriched at the regions surrounding transcription starting sites (TSSs) (46). However, these data have not previously been directly compared using genome-wide profiling data from the same type of cells before. We performed a direct comparison of published ChIP-Seq data sets for ubH2A (46) and H3K36me3 (47), both generated in MEF cells. Indeed, these two modifications displayed distinct distribution patterns and were negatively correlated with each other (Fig. 5A ).
To further determine whether H3K36 methylation and ubH2A co-exist at the mononucleosome level, we performed immunoprecipitation experiments with antibodies specific for ubH2A and H3K36me3. To prevent the occurrence of deubiquitination events in the lysates, the input mononucleosomes were prepared from pre-fixed cells. Anti-ubH2A antibodies clearly enriched ubH2A in the immunoprecipitated materials (Fig.  5B) . By contrast, H3K36me3 was nearly depleted and H3K36me2 was significantly reduced (Fig.  5B) . Consistently, mononucleosomes precipitated with anti-H3K36me3 antibodies contained enriched H3K36me3 and barely detectable ubH2A (Fig. 5B) . Such mutual exclusion was not observed for the other tested histone modifications, including H3K9me2 and H4K20me1 (Fig. 5B) .
The above data collectively support that ubH2A and H3K36 methylation rarely co-exist in vivo.
ubH2A down regulation elevates H3K36me3 at a subset of up regulated genes To manipulate the level of ubH2A in cells, USP21 was over expressed in HEK 293T cells and led to the reduction of global ubH2A level (Fig. 6A ). However, the global level of H3K36me2 and H3K36me3 were not significantly up regulated (Fig. 6A) . This is not totally unexpected, because H3K36me2 and H3K36me3 are quite abundant and accounts for approximately 30% of total H3 polypeptides in mammalian cells (19,38)
Then, we performed mRNA-Seq experiments for HEK 293T cells with or without over expression of USP21. There were approximately 1000 up regulated genes and 600 down regulated genes with more than 2 fold expression changes in cells over expressing USP21. We chose several of the up regulated genes and unchanged genes according to our mRNA-seq data (Fig. 6B) and literature (57) , and then performed ChIP-qPCR experiments (Chromatin immunoprecipitation followed with quantitative PCR) using antibodies against ubH2A or H3K36me3. We observed an increase of H3K36me3 and a concomitant reduction of ubH2A at the most highly up regulated genes, such as FOS and FGF8 (Fig. 6B) . Similar but milder changes were observed at some other modestly up regulated genes, such as PAX2, FGF20, DLL1 and DTX1 (Fig. 6B) . These changes were not observed at two unchanged control genes SEC11A and CLTB (Fig.  6B) . The above observations do not rule out a secondary effect of H3K36me3 followed by gene induction, but is also consistent with a role of ubH2A down regulation in up regulating H3K36 methylation.
Discussion
PcG and TrxG proteins display counteracting functions to maintain the correct expression pattern of development-regulated genes (58) (59) (60) (61) (62) . The correct chromatin modification patterns are important transcription regulators of these genes. However, one important and not fully addressed question is the mechanism by which chromatin modifiers set up such modification patterns. Because of the critical role of PREs (Polycomb response elements) in recruiting the Polycomb group proteins in Drosophila (63, 64) , and because there are only a few PREs identified in mammals (65, 66) , alternative recruitment mechanisms, such as non-coding RNA mediated PRC2 recruitment have been proposed and debated (67) (68) (69) .
However, many recent progresses support an alternative sensor model, which may function independently and/or in combination with the recruitment model. The central point of the sensor model is that some chromatin modifying enzymes are not merely the robotic modification producers that generate reaction products wherever they get recruited, but instead, they may function as smart enzymes that can sense the chromatin environment and adjust their enzymatic activities accordingly. To date, the best characterized such example is H3K27-specific methyltransferase PRC2, which can be negatively regulated by chromatin features associated with active transcription including H3K36 methylation (19,39), H3K4me3 (39) and open chromatin (44) (Fig. 7) . Moreover, PRC2 can also be stimulated by chromatin features associated with silent genes including H3K27me3 (70) and compact chromatin (44) (Fig. 7) .
In this study, we observed similar regulatory activities on H3K36-specific methyltransferases by H2A monoubiquitination (Figs. 2-4) . H2A monoubiquitination effectively inhibits the enzymatic activity of ASH1L (Figs. 2A, 3A, 4B) Kallin, E. M., Cao, R., Jothi, R., Xia, K., Cui, K., Zhao, K., and Zhang, Y. (2009) Genome-wide uH2A localization analysis highlights Bmi1-dependent deposition of the mark at repressed genes. PLoS Genet 5, e1000506 47.
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